Background
The role of Numb in vertebrate development remained controversial. Recently, Jan and colleagues reported the The Notch signal transduction pathway represents one generation of a mouse mutant carrying a targeted Numb of the key mechanisms controlling organogenesis from a allele [35] . Focusing mainly on the analysis of the foremultipotent anlage to a variety of terminally differentiated brain, they suggested that neurogenesis was promoted in cells (reviewed in [1] ). In Drosophila, Notch signaling was mutant embryos, consistent with their model that verteshown to be required as a cosignal for the attribution of brate Numb prevents neurogenesis by repressing Notch tissue identity [2] [3] [4] , to define the number of precursors [34, 36] . In contrast, several other laboratories proposed within a group of equivalent cells through a process of that Numb function promotes rather than prevents neurolateral inhibition (reviewed in [5] ), and to direct binary genesis [19, 33] . Specifically, vertebrate Numb biased difcell fate decisions (reviewed in [6] ). Analysis of mammaferentiation toward neurons when overexpressed in mulian Notch expression patterns and gene-targeting studies rine neural crest stem cells or in mouse P19 embryonic in mice provided evidence for related Notch functions in carcinoma cells [33, 37] . Furthermore, expression analysis mammals, such as somitogenesis, T cell specification, and of chicken Numb (c-Numb) during central and peripheral vascular morphogenesis [7] [8] [9] [10] . In the nervous system, neurogenesis as well as overexpression of c-Numb in the activation of Notch signaling inhibits neuronal differentianeuroepithelium supported the model that vertebrate tion, whereas repression of Notch activity promotes neuNumb promotes neurogenesis [19, 21] . In agreement with rogenesis [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The intracellular adaptor protein this, Drosophila Numb does not prevent, but rather proNumb was initially identified in Drosophila [23] , where it motes the differentiation of neurons in sense organs by antagonizes certain Notch-mediated cell fate decisions suppressing Notch function [23, 28] . In order to investi- [24] [25] [26] [27] [28] [29] [30] [31] [32] . Analysis of vertebrate Numb suggested that its gate the function of Numb during mammalian developNotch-repressing function is evolutionarily conserved ment, we generated mice with an inactivated Numb allele.
Our data reveal multiple functions of Numb in vertebrate [33, 34] . Generation of a loss-of-function Numb allele. (a) The Numb Ϫ allele was generated by homologous recombination between the targeting vector and the first coding exon of the Numb gene. Coding portion of Numb cDNA (boxed, top); PTB domain (black box); start codon (ATG s ); loxP site (triangle); PGK1 promoter-driven neomycin gene (PGK-Neo); herpes simplex virus thymidin kinase gene (HSV-TK); EcoRI (R); Eco72I (F); SstI (S).
(b) PCR analysis of ES cell lysates using the primers P1 and P2 indicated in (a). Homologous integration (T); random vector integration (N); size markers (SM). (c) PCR analysis of tail DNA from the F1 offspring of Numb ϩ/neo-lox x EIIaCre-deleter mice using primer pair P3 and P4: wild-type control (ϩ); deletion of the entire loxP-flanked portion (Ϫ); chimerism for deletion of both the entire loxP-flanked portion and the neomycin gene (Ϫ, lox); no Cremediated recombination (neo-lox). (d) PCR analysis of yolk sac DNA using PCR primers P3 and P7 to detect the Numb Ϫ allele (top, 0.7 kb band), or P5 and P6 to detect the wild-type allele (bottom, 1.0 kb band). (e) Residual amount of mNumb in homozygous mutant embryos. Immunoprecipitation of 400 g of tissue lysate from normal liver (Lϩ/ϩ) or homozygous normal, and heterozygous and homozygous mutant embryos (Eϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ, respectively) in the presence of rabbit preimmuneserum (preIS) or immuneserum (IS); two bands representing mNumb isoforms of 71 and 72 kDa, and 65 and 66 kDa were revealed by the monoclonal antibody Cmnb-1. development and support the model that Numb favors were crossed with EIIaCre-deleter mice [38] to generate neurogenesis in certain lineages.
the disrupted allele Numb Ϫ (Figure 1c ). Immunoprecipitation with anti-Numb antisera of lysates of entire E10. Figure 2d ). As evidenced lished with this article on the Internet). Altogether, these in the region of the dorsal midline or along the dorsal findings strongly suggest that our targeting strategy reparamedian line of the trunk, the density of the capillary sulted in the generation of a null allele. Heterozygous system was markedly reduced (Figure 2e ,f). Frequently, Numb ϩ/Ϫ mice were born at a Mendelian ratio and were older mutant embryos had signs of pericardial edema, indistinguishable from their wild-type littermates, providsuggesting defects in cardiovascular development. Eviing no evidence for any phenotypically relevant dominantdent cardiac malformation was observed in some rare, negative or gain-of-function effect mediated by any residseverely growth-retarded embryos, and was accompanied ual mutant Numb protein. In contrast, all homozygous by defective blood vessel formation in the yolk sac (data Numb Ϫ/Ϫ embryos died before E11.5 (Table 1) . Viable not shown). homozygous mutants with beating hearts were identified at E10.5 ( Figure 1f ), but at a lower frequency than exPlacentas of viable E10.5 homozygous mutant embryos pected. At E9.5, none of the embryos had completed axial had an abnormal chorioallantoic labyrinth about half as rotation, and all of them showed an open anterior neural thick as in controls (Figure 2g ,h). Embryonic and maternal tube (data not shown). Segmentation of the hindbrain blood vessels failed to interdigitate regularly and spongiointo rhombomeres, however, occurred normally (data not trophoblasts were reduced in number. The placental pheshown). By E10.5, one third of the surviving Numb Ϫ/Ϫ notype of Numb Ϫ/Ϫ embryos is consistent with an involveembryos had undergone axial rotation (51 out of 147), but ment of Notch signaling in the formation of the placenta, all mutant embryos showed an anterior neural tube closure as mice that were deficient for Mash2, a mammalian memdefect (Figure 2a,b) . Most of the unrotated E10.5 embryos ber of the achaete-scute family that is presumably rewere truncated caudally, and had posterior anomalies such pressed by Notch signaling, had a similar placental phenoas cystic outgrowths, which contained amorphic tissue of type [41] . The severe vascular anomalies at the stage of all germ layers (data not shown). One rare example of an angiogenic remodeling together with the observed placenanterior cyst is depicted in the right panel of Figure 1f .
tal defects were likely to account for the observed lethality Such cysts appeared typically as unilateral protrusions and of mutant embryos before E11.5. contained blood cells. There was no continuity to either the CNS or its ventricular system.
Impaired neurogenesis in the CNS of Numb mutant embryos
Based on early observations on the requirement of Numb we assessed whether vertebrate Numb might play a correNumb Ϫ/Ϫ -disrupted embryos had undergone normal vascusponding role in mouse neurogenesis. As mentioned logenesis as a regular primary capillary network was above, Zhong et al. [35] recently published data showing formed upon the coalescence of endothelial progenitors.
precocious neuronal differentiation in the forebrain of The subsequent morphogenetic process called angiogenic
Numb mutants generated by a distinct targeting strategy. remodeling occurs around E10 when the primary vascular system starts to reorganize through sprouting and intusIn contrast, neuronal markers such as the differentiation system, where at E10.5, neuronal differentiation can be observed in wild-type animals. Neurogenesis in the hind- brain was assessed through monitoring the expression of Delta-like3 (Dll3), a marker of intermediate stages of neuronal differentiation [42] . Dll3 expression was severely reduced and found only at low levels within two domains flanking the floor plate (Figure 3c,d) . Similarly, NF160 expression was reduced and restricted to putative motoneurons in a small paramedian area of the mantel zone of mutant embryos (Figure 3e,f) . The segmental expression patterns of the Notch-1 target gene Hairy and enhancer of split homolog5 (Hes5) and of the dorsal marker Mouse atonal homolog1 (Math1) were as in controls (data not shown), however, although expression was reduced. These data suggested that, while the overall spatial organization of the hindbrain of Numb mutants was unaffected, neuronal differentiation was arrested or delayed. In contrast to central neurogenesis within the hindbrain region, peripheral neurogenesis in the trigeminal (V) cranial ganglia, as revealed by the presence of NeuroD expression, was as in controls (Figure 3g,h ).
Unlike in the anterior region, neural tube closure did occur in the trunk region of mutant embryos. As in the hindbrain, however, neurogenesis in the spinal cord was strongly impaired. Mutant embryos had an undetectable expression of Math1, a marker of neuronal progenitors flanking the roof plate (Figure 4a,b) [43, 44] . Likewise, only few NeuroD-and NF160-positive neuronal cells were detectable in the mutant spinal cord (Figure 4d,h,k) . The residual neurons found in the mutants often had a more medial location within the neural tube as compared to controls. Immunohistochemistry with an anti-NF160 antibody demonstrated that, although reduced in number, putative motoneurons in the mutants were able to differentiate and extend neurites into the periphery (Figure 4j,k) .
Specific requirement for Numb in sensory neurogenesis
In dorsal root ganglia (DRG) of mutant embryos, virtually no NeuroD- (Figure 4c,d ) and NF160-expressing sensory neurons (Figure 4g ,h) were detectable. This apparent defect in sensory neuron formation was not because of a deficiency of neural crest cell migration, as cells positive for ErbB3, a marker of neural crest cells and presumptive peripheral glia [45] , were present within the DRG anlage (c,d) and NF160 (g,h) expression. In the peripheral nervous system, sensory neurons were strongly labeled by NeuroD and NF160 in (Figure 4f ). While in controls, ErbB3 expression was conThese similar phenotypes, seemingly in contradiction with the antagonistic role of Numb, might be viewed as fined to the periphery of the DRG (Figure 4e ), DRG of a common outcome of reduced or enhanced, normally mutant embryos stained homogeneously for ErbB3 expresfine-tuned Notch signaling. This might also apply to the sion (Figure 4f ). The differentiation anomaly in the PNS angiogenic remodeling defects observed similarly in Numb was specific for the sensory lineage, as cells within sympaand in Notch1/Notch4 double mutants [10] . Future experithetic ganglia of Numb mutants revealed a normal expresments will address the question of whether this apparent sion of the autonomic lineage marker, Mash1, and difphenotypic paradox reflects a disproportionate composiferentiated into NF160-expressing neurons (Figure 4l,m) .
tion of tissues with aberrantly differentiated cell types.
Over or under representation of certain lineages might
Discussion
well result in phenotypically similar morphogenetic aberIn the vertebrate nervous system, Notch signaling is inrations. Interestingly, morphogenesis of a vascular netvolved in neuronal differentiation from undifferentiated work by extension and stabilization of intercellular conprogenitor cells, whereby downregulation of Notch activtacts might depend on the same signal transduction ity within a cell correlates with its competence to adopt pathways involved in establishing the neuronal architeca neuronal fate (reviewed in [46] ). Our data demonstrate ture of the nervous system (reviewed in [51] ), where that Numb is required in vivo for the generation of certain Notch and Numb were shown in vitro to tune processes neuronal lineages, consistent with a role of Numb as an of neurite extension and retraction, respectively to estabantagonist of Notch signaling. Asymmetric localization of lish the required cellular contacts (reviewed in [56]) Numb to a single daughter cell during cell division [19, [52] [53] [54] [55] . 21, 34] may antagonize Notch activity in that cell, and thus enable it to adopt a neuronal fate [19, 21] . Accordingly,
The phenotype of mouse embryos with constitutively overexpression of Numb promotes neuron formation [19, inactivated Numb revealed its essential role in regulating 21, 33, 37]. Conversely, downregulation of Numb activity cell fates during early development. Conditional ablation may be required to allow Notch signaling to either permit of the loxP-flanked Numb allele will be used to address the adoption of alternative, nonneuronal fates, or to actively underlying mechanisms of the observed developmental promote such fates [20] [21] [22] 47] . In agreement with this defects, in order to discern anomalies in cell proliferation model, we show that, at least for a subset of neural linand apoptotic regulation, and to distinguish between areages, Numb is essential for neurogenesis. rested, delayed, or misguided differentiation of affected cell lineages. Conditional mutants will also be used to We found no direct evidence, however, to suggest that investigate the role of Numb in adult tissue homeostasis, Numb antagonizes Notch signaling during murine develwhere it is assumed that developmental processes are opment. Thus, Hes1 and Hes5, both effectors of Notch recapitulated to establish an equilibrium between pools signaling in the nervous system [48] , were not upregulated of progenitors and differentiated cells. in Numb mutant mice (data not shown). Hes genes might not be obligatory and unique mediators of Notch signal-
Materials and methods
ing, however, as in some cases their overexpression failed
Targeting vector construction, homologous recombination
to recapitulate Notch responses [47, 49] . Thus, as indiin embryonic stem cells, and genotyping cated by its ability to interact with a multitude of target Three contiguous genomic fragments encompassing the first coding proteins [50] , Numb might well exert Notch-independent Numb exon were isolated from the genomic phage g16-1/17 and subcloned into the NotI, AscI, and PmeI sites of a modified TNLOX1-3 functions, and some Notch signaling may be regulated Notch signaling was shown to prevent autonomic neurorecombination was carried out as described [57] . PCR primers for genogenesis [20] . The lineage-specific requirement of Numb typing were as follows: P1 (5Јtvnb.1, 5Ј-AATTCAGGGATGGGTGCTG is unlikely to be due to differential expression in the TTTA-3Ј) and P2 (Neo HTKr2, 5Ј-ACTGAAGCGGGAAGGGACTGG-3Ј), yielding a product of 2.3 kb that was specific for homologous recombideveloping vertebrate nervous system, as Numb is nant ES cell clones; P3 (bt1040U25, 5Ј-AGCTTACAGGGTGCCC broadly expressed, including in the anlage of sympathetic CAGTTACTA-3Ј) and P4 (loxP3 specific, 1/2Pme3ЈarmL24, 5Ј-CACACT ganglia (data not shown) [33] .
CAAGGCCCATAGTGAAAC-3Ј), yielding products of 3.6 kb (Numb neo-lox ), 1.9 kb (Numb lox ), and 0.5 kb (Numb Ϫ ) in the progeny of chimeric mice that had been mated to EIIaCre-deleter mice [38] . The primers P3
The gross phenotype of Numb mutant embryos, notably [43], ErbB3 [45] , and Mash1 [61] . Immunohistochemistry using anti- 
